The impact of potentially toxic chemicals on wildlife is commonly assessed by comparing the intake of the contaminant with the "no observable effects level" (NOAEL) of intake. It is known, however, that there are considerable uncertainties inherent in this method. This study presents a Monte-Carlo based model to assess the degree of risk posed to birds (dunlin, Calidris alpina) from important estuarine habitats, and to show the limitations of such risk assessments, particularly with regard to data availability. The model was applied to predict the uptake of metals (Hg, Pb) Use of lethal toxicity data (LD50/100) was investigated as a method for assessing sub-lethal impacts from Hg. It was found that this method led to a significant under-estimate of the potential impact of Hg contamination, compared with direct estimation of NOAEL.
INTRODUCTION 1 2
Analysis of uncertainty in environmental risk assessments is becoming increasingly important 3 (e.g. Verdonck et al., 2005) . To our knowledge, however, modelling approaches have not yet 4 been developed for the assessment of uncertainty in contaminant uptake and risk in wading 5 birds. Here we present a probabilistic modelling approach for risk assessment that employs 6 ecologically relevant toxicological endpoints and, crucially, data inputs (bird behaviour, 7 metal content of prey items, toxicity endpoints) that are realistic for typical environmental 8 impact assessments. The Monte-Carlo based model is used to assess the degree of risk posed 9 to birds from important estuarine habitats, and to show the limitations of such risk 10 assessments, particularly with regard to data availability. 11 12 Estuaries are typically important feeding areas for wading birds but are also often subject to 13 historic and current chemical contamination by heavy metals. Estuarine sediments 14 commonly form major sinks for contaminants released during industrial activity. Many 15 industrial processes lead to the release of metals initially in solution, which can then be 16 adsorbed on to, for example, Fe hydroxides or clay minerals (Pirrie et al., 2003) Birds Directive. During the winter, they support nationally and internationally important 23 numbers of overwintering shorebirds (Pickess and Underhill-Day, 2002; Pollitt et al., 2003) . 24
However, both areas are typical of estuaries in that they have previously been subject to 25 significant metal contamination. Much of the metal contamination has been adsorbed onto 26 estuarine sediments and as a consequence concentrations of heavy metals in sediments 27 usually exceed those of the overlying water by between three and five orders of magnitude. 28
With such high concentrations, the bioavailability of even a small fraction of the total 29 sediment metal can lead to uptake by filter-feeding and burrowing organisms (Bryan and 30 Langston, 1992) . Furthermore, several metals, including mercury and lead, may be 31 transformed in sediments to organometallic compounds which have greater bioavailability. 32
These factors can result in accumulation of heavy metals by wading birds feeding in these 33 areas (Bryan and Langston, 1992; . Although there is evidence 34 that metal contamination is declining in both Poole Harbour (Langston, 2003a) 
and the 35
Severn Estuary (Duquesne et al., 2006; Langston et al., 2003b) , the current levels of 36 contamination suggest that they could still potentially have an impact on wildlife. 37 38 Assessment of the potential risk to wading birds posed from contamination has rarely been 39 carried out, except where there have been specific spills or industrial incidents (Bull et al., 40 1983) ; (Pain et al., 1998) . The aim of the current paper is to use the Severn Estuary and 41 Poole Harbour as model systems (for which relatively good empirical data are available) to 42 assess the potential risk posed to wading birds from long-term metal contamination in 43 estuaries. A Monte Carlo analysis will be carried out to estimate the probability that the 44 wading bird population is over-exposed to Pb and Hg in the two estuaries. 45
46

METHODS 47 48
The variability in population-averaged risk to dunlin, Calidris alpine, was assessed using a 49 scenario approach. This species was selected because data on its diet selection and habitat 50 use are available for both estuaries. Modelling was carried out in both estuaries for two 51 scenarios: the "Average" Scenario and the "Worst Case" scenario. The "Average" Scenario 52 represents the best estimate and range of possible PPC/PNEC (predicted prey 53 concentration/predicted no effect concentration in prey) values for the average bird, which is 54 assumed (over a season) to have a dietary intake of contaminants equal to the mean 55 concentration in prey across all the sites studied. The "Worst Case" scenario assumes a 56 juvenile bird (which has a lower ratio of body weight to food intake rate and hence a higher 57 PPC/PNEC) feeding exclusively at the most contaminated site in each estuary. 58
59
For each of these scenarios, the uncertainty in predicted PPC/PNEC value was determined by 60
Monte Carlo analysis after assigning uncertainties to each model input parameter based on 61 evaluation of empirical data. 62
63
Selection of contaminants to be modelled 64
An initial screening exercise was carried out to determine which contaminants to focus on in 65 subsequent modelling. This was carried out by calculating the Predicted Environmental 66 Concentration (PEC) and the Predicted No Effect Concentration (PNEC) in birds for each 67 contaminant. The PEC in this case was the predicted concentration of the contaminant in the 68 prey of the birds and is in this paper termed the PPC. (Tables S1 and S2 ). Seven compounds (all metals or semi-metals) 82
had maximum PPC/PNEC ratios ≥ 1: zinc (Zn), lead (Pb), mercury (Hg), selenium (Se), iron 83 (Fe), arsenic (As), and chromium (Cr) for at least one of the sites. Fe was not determined in 84 the Severn Estuary and Se was not determined in Poole Harbour. The source toxicity data 85 used in calculating the screening PPC/PNEC ratios were then examined in detail to determine 86 if they were experimentally sound (if they fulfilled the criteria set out in the Toxicity Data 87 Section below) and if the endpoints were ecologically relevant. Using these criteria, only Pb 88 and Hg were selected for subsequent detailed modelling. 89
90
Model input data 91 92
Bird distribution and diet 93
Bird habitat use and feeding behaviour were estimated using a combination of a foraging 94 model which accounts for the different utilisation of feeding sites within an estuary (Stillman 95 et al., 2005; Durell et al., 2006) , the Wetland Bird Survey (WeBS) data and other literature 96 data (Goss-Custard et al., 1988; Worrall, 1984) . The proportion of different prey types taken 97 by the birds and their associated uncertainty estimates are shown in Table 1 . Earthworms 98 comprise a significant part of the diet for some shorebird species, but in these estuaries dunlin 99
do not consume significant proportions of earthworms in their diet. In Poole Harbour, dunlin 100 have not been observed to eat earthworms (Durell et al., 2006) , the major proportion of the 101 diet of adult dunlin being marine worms, the rest being made up of molluscs and crustaceans. 102
In the Severn Estuary, earthworms are estimated to form less than 10% of their diet. Juvenile 103 dunlin (Table 1) Nereis, uncertainties in metal concentrations were estimated from data in the reviews, taking 112 account of the known decline in metal contamination over time. 113
114
For the worst-case scenario, it was assumed that the mean concentration of Pb and Hg in 115
Nereis was equal to the highest value measured at any of the sites in each harbour with 116 uncertainty being normally distributed with coefficient of variation of 25%. Based on the 117 review of data in Tables S3 -S6 , for molluscs and crustaceans it was assumed (for the worst 118 case scenario) that the average concentration at the most contaminated site was 3-10 times 119 higher (Pb, Hg -Poole Harbour; Pb -Severn Estuary) or 1-3 times higher (Hg -Severn 120 Estuary) than the maximum measured value in Nereis. 121
122
Metal concentrations in earthworms (Lumbricus terrestris) 123
Dunlin in Poole Harbour do not consume earthworms (Durell et al., 2006) and we assumed 124 that this was also true for most dunlin in the Severn Estuary (Table 1) . Data on Pb 125 concentrations in earthworms is limited but a study of the Avonmouth smelter found 126 concentrations in worms at an unaffected site distant from the smelter to be 27 mg kg -1 (dw) 127 (Spurgeon, 1994) . Concentrations in worms on a control site from a separate study were 4 -128 12.3 mg kg -1 dw (Morgan and Morgan, 1991) . 129
Concentrations of Hg in earthworms measured by (Bull et al., 1977) at a site uninfluenced by 130 industrial activity (range 0.031-0.048 mg kg -1 dw, n = 18) were generally lower than those 131 measured in estuarine biota (see Tables S4 and S6 ). This suggests that, in contrast to Pb, Hg 132 in earthworms may have little effect on Hg intake in shorebirds. 133
134
Proportion of dietary mercury as methylmercury 135
The NOAEL of methylmercury (MeHg) is approximately two orders of magnitude lower than 136 that for inorganic Hg. It is therefore important to estimate the proportion of total Hg in prey 137 items which is in the form of MeHg. Muhaya et al. (1997) the original papers or reports were assessed, and three criteria were used to decide whether the 153 NOAEL values could be included in our models. These were: 154 (i) effects on reproduction and growth are more likely to affect population densities than 155 lower order effects and in some cases are the integrated response to a range of physiological 156 and biochemical effects. Thus, NOAELs based on reproduction and growth end-points were 157 included but those based on physiological, metabolic, biochemical and other lower level end-158 points were rejected. This selection procedure also increased the likelihood of finding 159 sufficient toxicity data for our model as there were unlikely to be multiple studies that used 160 exactly the same physiological and biochemical endpoints. 161
(ii) use of only one NOAEL from a study when multiple NOAELs were derived from the 162 same test, thereby avoiding pseudo-replication (when multiple NOAELs were derived in the 163 same study but from different tests, all values were included). 164 (iii) studies in which the highest exposure level was assumed to be the NOAEL were excluded 165 because no effects were observed at any exposure level. 166
167
The value of a NOAEL and Lowest Observed Adverse Effect Levels (LOAELs) is partly 168 determined by the experimental design of the study if, in the case of NOAELs, no effect is 169 observed at the highest dose administered or, in the case of LOAELs, an effect is observed at 170 the lowest dose administered. Using NOAELs derived in such studies may give an over-171 estimate of the toxicity of a contaminant while using LOAELs may under-estimate the 172 toxicity. NOAELs were used in this study as a precautionary approach in assessing risk to 173 wading birds. Even the studies reporting NOAELs for the effects of Pb and Hg on 174 reproduction and growth are sparse in number. Therefore, we also included studies which 175 reported chronic Lowest Observed Adverse Effect Levels (LOAELs) for appropriate end-176 points and also investigated the use of LD50 values. Chronic LOAELs were divided by 10 177 and LD50s were divided by 100 to approximate them to chronic NOAELs, following 178 (USACHPPM, 2000) . 179 180 The ranges in NOAEL used in our models are summarised in Table 3 , and the individual data 181 are presented in Table S7 The PPC/PNEC approach was used for the more detailed modelling of Hg and Pb impacts. 198
The PPC was predicted using: 199
where f i is the fraction of the birds" diet composed of prey item i and C i is the concentration 203 (mg kg -1 dw) of the metal in prey item i. 204
205
The PNEC was estimated using 206
where NOAEL is the no observable adverse effect level, BW is the bird body weight and FIR 210 is the average daily food intake rate. PPC/PNEC ratios are calculated on a dry weight basis. . 211
212
A Monte-Carlo model was programmed in Microsoft Excel using, where appropriate, 213
Microsoft Visual Basic macros. Using the available data, we ran the Monte-Carlo model to 214 estimate ranges in possible PPC/PNEC values. A total of 10 000 random values were 215 generated for each variable. These were based on a normal (or lognormal, as appropriate) 216 distribution about a mean where data were available to determine the mean and uncertainty. 217
When there were insufficient data to estimate probability distributions, a uniform distribution 218 across the range in observed parameter values was assumed. An additional step was 219 introduced into the model for Hg which was to estimate the fraction of total Hg made up by 220 MeHg. A model sensitivity analysis was carried out by first assigning to each of the input 221 parameters its mean value (c.f. Cox et al., 2006 ). Individual input parameters were then 222 assigned random values within their uncertainty distributions for 10 000 model runs to 223 determine the impact of uncertainty in each input parameter on the predicted PPC/PNEC 224 value. 225
The daily food intake rate (FIR) was estimated using empirical relationships between food 227 intake rate and body weight (BW) (Nagy, 2001 
Results
240
The model gives the probability distribution of estimated PPC/PNEC values based on 10 000 241 model runs for each estuary and scenario. An example of the model output for Pb in Poole 242
Harbour ("Average" Scenario) is shown in Figure 2 , and for Hg in the Severn Estuary in 243 Table 3 ). The predicted PPC/PNEC ratios were much higher when based on 259 experimentally derived NOAELs than when based on the LD50/100 ( Figure 5 ). When the 260 PNEC was estimated using the LD50/100, Hg would not be predicted to have any 261 environmental impact on birds in either estuary, since PPC/PNEC values were lower than 1 262 (with a probability of > 95%). In contrast, there is a significant (i.e. >5%) probability that This assessment of two estuaries showed a potential impact of Hg and Pb contamination on 296 shorebird communities. For the Average Scenario, there was estimated to be a greater than 297 50% probability that PEC/PNEC values exceeded 1 for Pb in both estuaries and for Hg in the 298 Severn Estuary (Table 4) . There was an approximately 40% probability that PEC/PNEC 299 exceeded 1 for Hg in Poole Harbour. For the "Worst Case" scenario, probabilities of 300 PEC/PNEC > 1 were 95% or greater for both metals in the Severn Estuary and 68 and 75% 301 for Hg and Pb (respectively) in Poole Harbour. For Hg, where PNEC was calculated on the 302 basis of LD50/100, PEC/PNEC values were not predicted to exceed 1 in either estuary (Table  303 4). 304
305
The study on two model estuaries for which relatively strong empirical data on shorebird 306 (dunlin) feeding habits and metal concentrations were available demonstrates that intakes of 307 these metals in metal contaminated estuaries are at levels which may have adverse effects on 308 ecologically-relevant endpoints. This conclusion is based on an assessment of the food uptake 309 pathway. We will, however, briefly consider the potential importance of other uptake 310 pathways for these metals. 311
312
Alternative Uptake Pathways 313
314
Because the water-prey bioaccumulation factor is high for these metals, the direct ingestion 315 of water by birds is a much less important uptake pathway than the food pathway we have 316 modelled here. It therefore plays no significant role in predictions of PEC and uncertainty in 317 those predictions (Crane et al., 2005 of sediment ingestion rate of 30% may be unrealistically high: for sandpipers the range was 338 estimated to be in the range 7.3-30% (USEPA, 1993) and; (2) metals adsorbed to sediments 339 may be less bioavailable than those in prey (Sheppard et al., 1995) . It is, however, possible 340 that direct ingestion of sediment could lead to higher PPC/PNEC values than those 341 determined for the food pathway alone, although uncertainties in metal bioavailability and 342 sediment uptake make the role of the sediment pathway difficult to quantify. 
Reducing uncertainty 358
Further field studies of metal concentrations in prey and (to the extent which it is possible) 359 field assessments of the impact of metals on bird health/populations would be required to 360 further reduce model uncertainty and to improve assessment of that uncertainty (i.e. validate 361 predictions). For Pb, as shown above, the uncertainty in NOAEL is the dominant factor in 362 model sensitivity, so reducing this uncertainty will have a much greater impact than reducing 363 uncertainty in other parameters. For Hg, uncertainty in NOAEL is also important, but the 364 study has also identified uncertainty in Hg content of prey items, FIR, and relative presence 365 of MeHg as being important sources of uncertainty on which future research should be 366
focussed. 367 368
Overwintering birds 369 370
In the context of this modelling study, it is important to realise that, for waders that 371 The other principal way in which metal intake on overwintering grounds could have 386 ecologically significant effects is their potential contribution to direct over-winter mortality 387 or decrease in likelihood of survival during spring migration. There are no suitable toxicity 388 test endpoints to assess whether survival during migration could be affected. Thus, the only 389 available data are for acute toxicity data (LD 50 /LC 50 /NOAEL data), which are also sparse for 390 inorganic Pb and Hg in birds. We did not attempt to use acute toxicity endpoints in most of 391 the probabilistic models but had sufficient ecotoxicological data for methyl-mercury to carry 392 out an assessment using a NOAEL for survival. This was derived by dividing the LD 50 data 393 by 100. When this endpoint was used, the modelled median PPC/PNEC ratios were all 394 extremely low, the 95 th percentile for the worst case scenario being 0.5. Thus, from this 395 limited assessment, there is no evidence that overwinter dietary intake of Pb or Hg poses an 396 acute toxic threat to dunlin on the Severn Estuary or Poole Harbour. 397
Conclusions
403
The Monte-Carlo based model presented here is able to assess the degree of risk posed to 404 birds feeding on important estuarine habitats, and also shows the limitations of such risk 405 assessments, particularly with regard to data quality and availability. This modelling study 406
indicates that internationally important feeding grounds for waders such as Poole Harbour 407 and the Severn Estuary may pose an ecologically-relevant toxic risk to wading birds. It was 408
found that there was a high probability that PPC/PNEC for Pb significantly exceeded 1 in 409 both areas for dunlin. There was also a high probability that PPC/PNEC for Hg significantly 410 exceeded 1 in the Severn Estuary and a significant (>5%) probability that PPC/PNEC 411 exceeded 1 in Poole Harbour. 412
413
The model largely used data sets which would be typically available and necessary for 414 assessing the impacts of contamination of large estuaries, although data describing feeding 415 preferences and foraging patterns for waders are rarely site-specific. Percentage cumulative frequency is shown by the grey line using the right-hand vertical axis.
The uncertainty is very high (note the logarithmic scale on the X-axis) due primarily to uncertainty in NOAEL (see Sensitivity Analysis section). Table 3 . Ranges and assumed probability distributions of NOAEL and LD50/100 values for Pb and Hg (see Table S7 for details of the studies on which these are based). (Romoser et al., 1961) [8] (Stanley et al., 1994) ; [9] (Laskey and Edens, 1985) ; [10] (Cain and Pafford, 1981) ; [11] (Hough et al., 1993) ; [12] (Schlatterer et al., 1993) ; Table S2 . Maximum PPC/PNEC estimated from measurements of contaminants in Nereis diversicolor at 13 sites in the Severn Estuary. The range of organic contaminants that were analysed for was greater than in the Nereis collected from Poole Harbour (Table S1) a. converted to DW basis using a FW/DW ratio of 7 for bivalves. (Langston, 2003a) . Data from 1983. a. converted to DW basis using a FW/DW ratio of 7 for bivalves. 
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